• Background and Aims Within-plant spatial heterogeneity in the production of and demand for assimilates may have major implications for the formation of fruits. Spatial heterogeneity is related to organ age, but also to position on the plant. This study quantifies the variation in local carbohydrate availability for the phytomers in the same cohort using a cotton growth model that captures carbohydrate production in phytomers and carbohydrate movement between phytomers.
INTRODUCTION
Woody plants need to cope with a wide range of stresses and disturbances through adjustment of their strategies for carbon utilization and allocation (Dietze et al., 2014) . Growth and reproduction represent competing demands for a finite supply of carbohydrates. Within a plant, organs compete for carbohydrates for their growth. The majority of carbohydrate used by vascular plants is not used at the site of assimilation (source) but is transported to areas of active growth (sinks) (Savage et al., 2016) . Upper leaves send assimilates to the developing shoot apex, lower leaves transport assimilates to the roots, and middle leaves transport assimilates bidirectionally (Watson and Casper, 1984) . In a wide range of species, fruits have been shown to receive carbon primarily from nearby leaves (Wardlaw, 1990) . The pattern of assimilate movement in the plant is a crucial determinant of its growth and performance, and is therefore of interest in the analysis and improvement of crop performance.
Cotton is a perennial species, but it is widely grown as an annual in agriculture. The allocation of carbohydrates is a major factor determining yield formation. To maximize cotton yield, farmers adopt a package of agronomic practices (e.g. high plant density, chemical growth regulators and pruning of vegetative branches) that suppress vegetative growth and promote carbohydrate allocation to fruits. Fruit abortion in cotton, which can be as high as 70 %, depends on carbon availability, not only as an energy source for growth but also as a signal of plant resource status (Guinn, 1982; McDowell et al., 2011) . While many consequences of biomass allocation in cotton have been reported (Sadras et al., 1997) , transport rate and partitioning of sugars can only be measured with labelled C (Minchin and Thorpe, 2003) . Limited possibilities exist to quantify the local status of carbohydrates at organ level over the plant structure, and this hampers our understanding of how cotton plants allocate the available carbohydrate, and thus how cotton growth and yield are determined. This is where plant modelling can play a role.
Numerous simulation models have been developed to better understand cotton responses to crop management (Baker et al., 1983; Hearn, 1994; Zhang et al., 2008) . These models simulate development, photosynthesis, dry mass allocation and yield formation in relation to cultivar (Reddy and Baker, 1988) , environment (Reddy and Baker, 1990 ) and management PART OF A SPECIAL ISSUE ON FUNCTIONAL-STRUCTURAL PLANT GROWTH MODELLING (Yang et al., 2008) . They operate at the level of the crop canopy, in contrast to functional-structural plant (FSP) models, which simulate 'the development over time of the 3D architecture or structure of plants as governed by physiological processes which, in turn, depend on environmental factors' Evers, 2016) . Functional-structural plant modelling is a suitable tool for simulating how temporal and spatial heterogeneity in light interception and assimilate production affect yield formation. Functional-structural plant models of cotton have been developed to investigate how the fruit distribution in the canopy is affected by water, N and C stress (Hanan and Hearn, 2003) . These models have also been used to examine plant plasticity in response to plant density and plant configuration (Dauzat et al., 2008; Mao et al., 2016) and to explore the structural responses of cotton plants to plant density and growth regulators (Gu et al., 2014) . A number of these models simulate carbohydrate production and allocation (Baker et al., 1983; Hearn, 1994; Zhang et al., 2008) . They all assume a plant-wide (common or global) pool of assimilates and determine the amounts allocated to different organs using empirical allocation models (Goudriaan and Van Laar, 1994) or a relative sink-strength approach (Heuvelink, 1996) . Such an approach is, however, at odds with known patterns of assimilate production in the plant, and the likely constraints on long-distance transport of carbohydrate within the plant structure. Functional-structural plant modelling can take into account the within-plant spatial heterogeneity in assimilate production and the consequences of this heterogeneity for meeting the demand of organs. Such modelling has been employed to simulate the variability of fruit growth in peach (Allen et al., 2005) , kiwi fruit (Cieslak et al., 2011) and apple (Pallas et al., 2016) . but it has not been considered for cotton.
There is a large heterogeneity in weight and quality of cotton bolls at different positions within the plant. Seventy to ninety percent of total harvestable bolls come from the inner canopy, defined as the first and second sites on every fruiting branch (Wang et al., 2016) . Cohorts contain organs of nearly the same age (Stewart and Sterling, 1988) . As the global-pool model determines carbohydrate allocation using sink strength, which is solely dependent on organ age, a global-pool simulation would map a homogeneous distribution of local carbohydrate availability for the fruits in the same cohort and thus the same probability of fruit abortion. However, such a pattern is not supported by empirical data on boll growth (Wang et al., 2016) . Fruit growth and quality have been demonstrated to be related to local carbon availability (Berüter and Droz, 1991; Gómez-Cadenas et al., 2000; McFadyen et al., 2011) . This variability has been reported not only in fruit trees such as peach (Génard, 1992) , kiwi fruit (Piller et al., 1998) and grapevine (Pallas et al., 2010) but also in annual crops such as soybean (Stephenson and Wilson, 1977) and tomato (Hocking and Steer, 1994) . The leaf subtending a cotton fruit is the major source of carbohydrate, supplying 60-87 % of the carbohydrate requirement of the fruit, while the remainder is supplied by other phytomers (Constable and Rawson, 1980a) . The localization of supply and demand needs to be accounted for when investigating the dynamics of the distribution of carbohydrate within the developing cotton plant using a modelling approach (Lacointe, 2000; Mathieu et al., 2009) .
Here we present a cotton model that integrates carbon assimilation, transport and accumulation at the level of individual phytomers. The purpose of this study is to provide an approach for quantifying and explaining the heterogeneity of local carbohydrate availability for phytomers that belong to the same cohort but appear at different positions on the plant. For this purpose, we performed the following analyses: (1) we characterized the fruiting pattern of cotton experimentally, to show that a global-pool view that would result in similar allocation across organs of the same age (and demand) is not appropriate for cotton; (2) we tested the model predictions of cotton growth by comparison with experimentally observed total leaf area, total above-ground dry mass, dry mass distribution along the main stem and allocation fractions to each type of organ at the plant level at a range of plant densities; (3) we compared predicted and observed carbohydrate transport to calibrate the carbohydrate transport coefficient; and (4) we provide model support for the experimentally observed heterogeneity of carbohydrate supply for phytomers in the same cohort using the local-pool model.
MATERIALS AND METHODS

Experiments
Field experiments were carried out in 2014 and 2015 at the Cotton Research Institute of the Chinese Academy of Agricultural Sciences, Anyang, Henan, China (36′07″ N, 116′22″ E). The soil properties of the experimental field have been described in Gu et al. (2014) . Cotton (Gossypium hirsutum 'Lumian 28') plants were grown at three plant population densities: 1.5, 7.5 and 13.5 plants m −2 . The experiments were laid out as a randomized complete block design with four replicates. Cotton plants were sown on 1 May 2014 and 18 April 2015, and were harvested on 4 October 2014 and 1 October 2015. Mature bolls were picked at the beginning, middle and end of October. Destructive measurements were made on three plants that were randomly sampled in each plot every 2 weeks from seedling until harvest to measure organ dry weight. We divided a cotton plant according to the main stem rank first and separated leaves, stems and fruits. Size of organs was measured and organs were dried to constant weight at 75 °C for 48 h (Gu et al., 2014) . The duration of growth of an organ was calculated as the period from its initiation to the maximum size. The mass of organs was measured to parameterize the sink-strength functions (see the Light absorption, photosynthesis and respiration section, below). In 2015, growth duration, final dry mass and phytomer rank on the main stem and the fruiting branch were measured for each boll on 20 plants per plot. Data from 2015 were used for parameterizing the model while data for 2014 were used for testing the model. Temperature data were obtained from the National Meteorological Information Center of the China Meteorological Administration (data.cma.cn).
Characterizing fruiting pattern
The fruiting pattern was described by calculating the probability of a harvestable boll for each phytomer. This probability was calculated as the ratio of the total number of harvestable bolls observed on that phytomer to the total number of measured plants (80), i.e. assuming that the phytomer was (potentially) present on each of the 80 plants. For visualization we focused on the primary fruit branches and ignored fruits on secondary or higher-order fruiting branches. The distribution of harvestable bolls was visualized using the ggplot2 package of the R programming language (Wickham, 2009 ). Our analysis focused on answering the question whether phytomers that had been initiated at the same time, and were therefore in the same age cohort, had the same or a different probability of having a harvestable boll, and whether this probability was linked to local carbohydrate supply. The first cohort contained the oldest fruits, which were located near the base and centre of the main stem, whereas the last cohort consisted of the latest fruits, which were initiated at the top and periphery of the main stem (Stewart and Sterling, 1988) .
General features of CottonXL
The developed model was based on CottonXL, an existing cotton model, which describes the architectural development of cotton plants in relation to plant densities and effects of a growth regulator but lacks eco-physiological processes (Gu et al., 2014) . In the current study, the model was extended with modules for carbohydrate production, transport and consumption as well as organ biomass growth. The cotton plant was simulated as a network of phytomers, in which a vegetative phytomer consists of an internode and a leaf while a fruiting phytomer also includes a fruit. The rate of production of new phytomers was determined by the phyllochron (thermal time between appearances of successive leaf blades). The internode, leaf and fruit of one phytomer were initiated simultaneously. Cotton plants produce vegetative branches at main stem phytomers 4-7 and fruiting branches at main stem phytomers 8 and upwards, as well as on the vegetative branches (secondary fruiting branches) (Supplementary Data Fig. S1 ). The appearance and architecture of organs were simulated descriptively based on experimental data. Organ biomass growth was simulated mechanistically based on light capture and the production and distribution of carbohydrates.
Internodes functioned solely as sinks for carbohydrates, whereas leaves and fruits functioned as sinks for the duration of their growth but as sources of assimilates during their entire lifespan, due to their large photosynthesizing bracts. Initial growth of the plant was supported by the seed endosperm mass. Instead of calibrating the seed mass to provide ample resources to establish the seedling, we used a measured value of seed mass. At each time step and for each phytomer, the carbohydrates provided by the leaf, fruit and local assimilate pool were transported between connected phytomers depending on the difference in carbohydrate level and the transport coefficient ( Fig. 1 and the Transport between connected phytomers section, below). The root system was modelled as a single sink compartment and was not represented architecturally. It received carbohydrates from upper neighbouring phytomers for maintenance and growth.
The model was implemented using the GroIMP platform (Hemmerling et al., 2008; Kniemeyer, 2008) . The detailed functionality of the model is outlined in the following sections. Light capture, photosynthesis, respiration, allocation and architectural development were computed at a daily time step, whereas carbon transport was solved with an adaptive step size (see Transport between connected phytomers section, below). All processes at different times were combined to form a hybrid model in which the amount of carbohydrates produced via photosynthesis was calculated once per day, and then the amount available from this daily photosynthesis and storage was transported over the plant using an adaptive step size over a daily time period to calculate the distribution of assimilates over all the phytomers in the plant. The carbohydrates allocated to each phytomer were distributed over organs within the phytomer according to distribution ratios. The updated organ sizes then determined light interception in the next time step, continuing until the end of the simulation.
Light absorption, photosynthesis and respiration
The simulated scene in the radiation model of GroIMP was built with a combination of an arc of light sources representing the course of direct light during a day and a dome of light sources representing diffuse light Evers, 2016) . The direct light intensity of each source point was calculated using mathematical formulae (Spitters et al., 1986; Goudriaan and Van Laar, 1994) . This improved the accuracy of incoming radiation over the growing season as compared with the radiation model in the previous version of CottonXL, in which we used a single light source for direct radiation with a fixed total incoming radiation of 25 MJ m −2 d −1 (Gu et al., 2014; Mao et al., 2016) . The diffuse light power was simulated by using a fixed function of elevation angle (Evers et al., 2007) . Daylength, azimuth and solar elevation angle were used to determine the position of each direct light source, and were calculated based on latitude and day of the year. Photosynthetically active radiation (PAR) at the top of the canopy was expressed as photosynthetic photon flux density (μmol photons m −2 s −1
). Stochastic path tracer principles were used to determine the absorption, reflection and transmission of PAR for a plant organ, resulting in an organlevel calculation of the distribution of PAR. Leaf reflectance and transmittance of cotton were set to 0.11 and 0.076, respectively (more details are given in Mao et al., 2016) .
Photosynthetically active radiation absorbed by a photosynthetic organ was used to calculate the photosynthesis rate using the negative exponential photosynthesis-light response curve (Goudriaan and Van Laar, 1994) : In a canopy, A max typically follows the nitrogen gradient. Since nitrogen economy is not part of this model, we adopted an empirical relationship between A max and the gradient of the fraction of PAR intercepted (I), using a power law (Niinemets and Anten, 2009) : ) was calculated as a fraction (r organ ) of the organ biomass (M organ , mg) without taking an effect of temperature into consideration.
The potential growth rate determines the sink strength of each organ. The potential growth rate D (mg CH 2 O mg organ −1 (°C d) −1 ) at age t (°C d) of a growing organ was calculated using the β growth function (Yin et al., 2003) : 
where
) is the maximum growth rate, which is achieved at age t m , and t e is the end time of the growth period. We calculated c m as: 
where W max (mg) is the potential maximum dry mass of an organ. The potential maximum organ mass was estimated using measurements at the lowest plant density of 1.5 plants m −2 , at which plant-plant competition was minimal. The growth duration (t e ) of individual internodes and leaves was determined by measuring the duration of organ mass increase. The growth durations of the root system and fruits were taken from the literature (Table 1) . The age at which maximum growth rate was reached (t m ) was assumed to be half of the growth duration of an individual organ. Thermal time was calculated by summing daily average air temperature above a base temperature for cotton of 12 °C (Zhang et al., 2008) . Thermal time was used to represent organ age and growth duration. This parameterization was used throughout all simulations.
Transport between connected phytomers
Transport-resistance models (Thornley, 1991) are suitable to explain the transport of carbohydrates driven by the concentration difference between source and sink. However, they are not widely used due to the difficulties in measuring parameters characterizing phloem function (Minchin and Lacointe, 2005) , although new research tools, such as nuclear magnetic resonance (Peuke et al., 2001 ), short-lived isotope techniques (Minchin and Thorpe, 2003) and the pressure probe (Gould et al., 2004) , have been developed to investigate the detailed processes involved in phloem transport. To avoid unnecessary complexity, we simplified the flux of carbohydrate between adjacent phytomers into a passive diffusion process (Thornley and Johnson, 1990; Turgeon, 2010; Comtet et al., 2017 ) using a constant value of the transport coefficient (K a , Table 1 ) multiplied by the difference in carbohydrate availability between any pair of connected phytomers (Bancal and Soltani, 2002 ) (eqn 6). Numerical integration was done using Dormand-Prince integration with an adaptive step size (Hemmerling et al., 2013) . The total amount of carbohydrates available for growth was equal to the sum of assimilates produced by the photosynthetic organs and carbohydrate provided by the local carbon storage pool. The flow of carbohydrate (J ass ) was calculated as:
) is the transport coefficient, S n+1 and S n are the total available carbohydrate from photosynthesis and the local pools at adjacent phytomers n + 1 and n, respectively. A simple example of a static plant structure to illustrate carbohydrate transport with a value for K a of 0.1 d −1 is shown in Fig. 2 .
Allocation within a phytomer
After transport, the new amount of carbohydrates for a phytomer either exceeds or subceeds the total potential growth rate of all the organs within this phytomer. In the case of excess these organs reach potential growth and the remaining carbohydrate is stored in the local pool, available for use in the next time step. In the case of insufficiency, organs at the phytomer level receive carbohydrate according to the relative sink strength (Heuvelink, 1996) . D is the total sink strength of all organs at phytomer i. The allocated carbohydrate for growth is converted to dry mass using a factor (R CM , Table 1 ) which accounts for growth respiration.
Simulations
For reasons of computational efficiency, simulations were run for small plots of 2 × 2 plants, and these plots were copied ten times in both x and y direction using the replicator functionality of GroIMP to calculate incident radiation on the centre 2 × 2 plants and minimize border effects with respect to the incoming radiation. Simulations were run using the plant population densities and temperature of the field experiment in 2014 (1.5, 7.5 and 13.5 plants m −2 ) to evaluate model performance with respect to biomass production and allocation. The orientation of the first leaf pair was chosen randomly. The dates of sowing and harvesting in simulations were 1 May and 4 October, which is identical to the experiment in 2014. Emergence occurred randomly from 7 to 12 d after sowing (Gu et al., 2014) . To obtain plants with realistic fruit retention at the level of the plant, fruit abortion was not mechanistically modelled, but simulated stochastically using observed abscission probabilities at middle square stage and at early boll stage, which resulted in a final rate of boll abortion of ~64 %, similar to experimental observations. Simulation results of the four plants in a plot were averaged. To quantify the heterogeneity of local carbohydrate availability amongst even-aged phytomers, we simulated a cotton plant at a density of 7.5 plants m −2 . This was done without any fruit abortion to avoid disturbance from fruit abscission. The carbohydrate supply was calculated for each phytomer after transport at 100 d after sowing (DAS).
Model validation
The accuracy of model simulations for total leaf area, total above-ground dry mass, dry mass distribution along main stem rank and allocation fractions for each type of organ at the plant level was assessed by comparing simulation results with experimental data collected in 2014. The performance of the model was evaluated using goodness of fit between observed and simulated values, which was expressed as the normalized root mean square error (nRMSE, defined as RMSE divided by the average of the observed values): 
where i is the number of samples, n is the total number of measurements, X sim,i is the simulated value and X obs,i is the observed value. The simulations show the best agreement with observations when RMSE and nRMSE are close to 0. The model performance is considered excellent with nRMSE <10 %, good if 10-20 %, acceptable if 20-30 % and poor if >30 % (Jamieson et al., 1991) . To test the ability of the local pool model to represent carbohydrate distribution, we compared the simulated percentage change in the amount of carbohydrate supply for main stem phytomers and for branches at 80 DAS with the measured percentage of total 14 CO 2 detected in different main stem nodes at different ages in the C-labelling experiment of Constable and Rawson (1980a) . The percentage change in carbohydrate supply was calculated by dividing the difference between the amount of carbohydrate after and before transport by the amount before transport. A positive percentage represents import, a negative percentage export.
Sensitivity of model output to the transport coefficient
It is difficult to measure the transport coefficient experimentally when simulating carbohydrate transport. To investigate the extent to which the model was sensitive to the value of K a and was comparable to plant performance in the field, an analysis was performed on the effect of K a values of 0.01 d −1 (low conductance), 0.02, 0.05, 0.1, 0.5, 1 and 5 d −1 (high conductance) on above-ground biomass and dry mass distribution along Left panels show the initial distribution of the carbohydrates in the source: at the end of main stem (A), at the end of a branch (B), at the base of a branch (C) and at the middle of the main stem (D). The initial amount of carbohydrate in the source internode was set to 100, and to 0 elsewhere. The panels at the right represent for each initial situation the amount of carbohydrates in each phytomer of the plant after one step transport.
the main stem. The parameter value for the transport coefficient cannot be estimated directly from the C-labelling results. Instead, we calibrated the transport coefficient such that the simulated distribution of carbohydrate from main stem leaves was similar to the observed distribution.
RESULTS
Fruiting pattern of cotton
As fruit abscission is closely related to local carbohydrate availability (Guinn, 1982) , we analysed variation in carbohydrate availability by checking the measured probability of fruits becoming harvestable (not abscise) in relation to their age class (cohort) (Fig. 3) . The number of phytomers potentially bearing a fruit diminished with increasing plant density due to competition. Fruits close to the main stem were the most likely to become harvestable across all densities (light colours in Fig. 3 ).
Fruits that were set further away from the main stem were more prone to abort. Fruits positioned in the lower canopy had a much lower probability of producing a harvestable boll than fruit positions of the same age class in the upper canopy. This analysis of empirical data shows that fruits within a cohort do not have the same probability of becoming harvestable, suggesting that carbohydrate availability is not homogeneously distributed throughout the plant. This supports treating carbohydrate transport in cotton as a process depending on local carbohydrate pools and rejecting a model based on plant-wide homogeneous carbohydrate sharing.
Effect of the transport coefficient
Simulations with a higher transport coefficient K a resulted in a more vigorous canopy due to the less limiting transport of carbohydrates (Fig. 4A, B) . Total above-ground dry mass was substantially underestimated when we used values of K a <0.1 d , respectively). The discrepancy was not reduced further for K a values beyond 0.1 d −1 (Fig. 5 ). The dry mass of different main stem phytomers (including the branches at that rank) increased from 2.4 g at lower ranks to a peak of 33.5 g at rank 4 and gradually decreased at higher ranks. This pattern was predicted in simulations for a range of K a values, but a K a value of 0.1 d −1 gave the best correspondence (Fig. 6) .
Effect of density on cotton growth
Total leaf area per plant showed a characteristic pattern of expansion and decrease over the growing season at all plant densities (Fig. 7) . The leaf area per plant was much higher at lower than at higher densities. At the lowest density, the simulated leaf area agreed well with the observed values from the field, with an nRMSE of 16.2 %. The discrepancy between simulation and observation increased at higher plant densities (nRMSE of 28.6 % at 7.5 plants m −2 and nRMSE of 52.7 % at 13.5 plants m −2 ). Simulated allocating fractions to leaves (Fig. 8A) and stems (Fig. 8B) showed a good correspondence with observed values across plant densities and growth stages (nRMSE of 20.2 % for leaf and 22.3 % for stem), whereas the allocation to the fruit was underestimated at squaring stage and overestimated at 20 d after flowering (70 DAS in 2014) , with an overall nRMSE of 73.3 % caused by the randomized boll shedding within canopy at the same day of 7 d after flowering in the model (Fig. 8C) .
Distribution of carbohydrate
Results on C-labelling from Constable and Rawson (1980a) were used to evaluate the local-pool model. Percentage export of daily local photosynthesis plus storage for most of the main stem phytomers (rank 1 to rank 18) varied from 20 to 80 % irrespective of organ age (Fig. 9) while fruiting phytomers received carbohydrates across the plant, which was in line with the C-labelling results, suggesting that main stem phytomers play a role in exporting carbohydrates to the fruiting branches on the corresponding main stem phytomer and a transport coefficient of 0.1 d −1 is adequate. The variation in percentage import for branches was attributed to the heterogeneity of photosynthesis and local storage due to randomized fruit setting position. The vegetative branches at lower ranks from 4 to 7 imported much less carbohydrate (12-24 %) than fruiting branches because of the carbohydrate production by a great number of leaves on the vegetative branches. Our model captured the budget of carbohydrate for phytomers and predicted translocation of carbohydrate as an emerging result satisfactorily.
Heterogeneity of local carbohydrate availability
The local-pool model produced a heterogeneous distribution of local carbohydrate availability as an emergent result (Fig. 10) . From cohort 10 downwards, phytomers of the same age showed great variation in carbohydrate availability, ranging from 30 to 78 mg CH 2 O per phytomer per day. Phytomers in late-season cohorts tended to be more homogeneous in terms of carbohydrate supply than phytomers in early-season cohorts. Phytomers in early-season cohorts had, however, a higher local carbohydrate supply than those in late-season cohorts (Fig. 10) . Small variation in carbohydrate supply amongst phytomers in the latest cohorts with the highest main stem rank is at least in part due to a small number of phytomers in these cohorts (e.g. only one value in cohorts 16, 17 and 18). 
DISCUSSION
Evaluation of model performance
The simulated results in terms of total leaf area per plant, allocating fractions to different organs, above-ground dry mass per plant, and distribution of dry mass along the main stem agree well with experimental measurements in cotton. The new version of CottonXL captures plant performance adequately. However, due to the absence of a mechanistic basis for fruit abortion, which is important in determining carbohydrate transport and thus fruit growth in the current model, we could not yet validate model performance for within-plant boll distribution. A value of 0.1 d −1 for the transport coefficient K a reproduced empirically observed patterns of transport of carbohydrates from main stem leaves to fruiting phytomers (Fig. 9) (Ashley, 1972; Bhatt, 1976; Constable and Rawson, 1980a) . The localpool model allows the simulation of carbohydrate transport between phytomers within a complex branching architecture and the variability of local carbohydrate availability for phytomers in the same cohort as an emergent result (Fig. 10) . The results are qualitatively in line with experimental observations on fruit distribution in the plant (Fig. 3) , which is thought to be closely related to local carbohydrate availability (Guinn, 1982) .
Underestimation of total leaf area per plant at high densities (Fig. 7) may be due to the absence of shade-avoidance responses in our model, such as reduction in branching, reorientation of leaves, and increased investment in shoot elongation to lift leaves out of the shade (Ballaré and Pierik, 2017; Stewart et al., 2010; Kasperbauer and Hunt, 1992) . Such responses may be the reason that real cotton plants performed better at high densities than simulated plants. The allocating fraction to leaves was overestimated (Fig. 8A) after flowering when the allocating fraction to fruits was underestimated (Fig. 8C) . The model could be extended with shade-avoidance responses and organ abortion in relation to the imbalance of carbohydrate supply and demand.
Transport of carbohydrate in cotton
Most cotton growth models have been developed based on a global assimilate pool, with the aim of investigating yield formation in relation to cultivar, environment and management Baker, 1988, 1990; Yang et al., 2008) . However, our data on the distribution of boll-carrying nodes in the canopy suggest that a global-pool approach is not appropriate for simulating fruit distribution as an emergent model property, just as in many perennial fruit trees (Allen et al., 2005; Cieslak et al., 2011; Pallas et al., 2016) . This suggests that the use of a local-pool model in cotton is more appropriate, which is supported by our current modelling results.
To simplify the resistance calculation, we used a fixed value of the transport coefficient or conductance (d −1 ) for all pathways in a plant. The transport resistance for carbohydrate flow from source to sinks is often estimated by Poiseuille's law, which states, among other things, that conductance increases quadratically with cross-section area (Sutera and Skalak, 1993) . However, the parameter values are difficult to quantify and values may still be far from reality, because resistance will change with temperature and viscosity (Bancal and Soltani, 2002) . Our simplification of carbohydrate transport captures the inverse relationship between the proportion of assimilate accumulated by a sink and its distance from the leaf source which was found by Brown (1973) . Two considerations support our choice for a simplification of carbohydrate transport using diffusion between phytomers over a global-pool model. First, . Phytomers in the same cohort share the same x-axis value. The box represents the 25 % and 75 % quartile with a band inside indicating the median. The whiskers represent the maxima and the minima as long as both values are within the 1.5 interquartilerange from the median. . Error bars indicate standard error of mean (n = 4) and the measured percentage export of carbohydrate for main stem phytomers (boxplot above the red dashed line) based on the C-labelling dataset from Constable and Rawson (1980a) (branch data not available).
carbohydrates are transported from endosperm tissue towards the main stem apex instead of towards the root system to sustain shoot growth during the seedling stage, which is in contrast to what a global-pool model predicts (Aoki et al., 2006; Savage et al., 2013) . Second, carbohydrates from a leaf cannot be translocated to distant fruits and the amount of transported carbohydrates is inversely related to the distance between source and sink (Ashley, 1972; Bhatt, 1976) . Therefore, modelling the transport of carbohydrates via diffusion between phytomers is a plausible approach to the simulation of biomass allocation in cotton.
Calibration of the transport coefficient showed that a higher transport coefficient tended to lead to a better prediction of dry mass, but the discrepancy with experimental data did not diminish any further beyond a K a value of 0.1 d . This indicates that carbohydrates produced by cotton leaves were utilized neither completely locally within a phytomer nor globally across all phytomers within a plant, but were transported to proximate phytomers mostly but not exclusively. In our simulations, carbohydrates were transported from main stem phytomers with high source activity to fruiting phytomers with low source activity, and this is line with a classical series of experiments on sugar movement in cotton plants (Mason and Maskell, 1928a, b) .
The chosen modelling approach allowed us to determine the local supply of carbohydrates at the level of the phytomer and predict plant growth as an emerging result. However, there are some limitations in the CottonXL that need to be addressed in the future. First of all, as a compromise between the accuracy and efficiency of computation, FSP models that simulate plant growth based on carbohydrate source/sink dynamics normally run at a model time step of 1 d (Allen et al., 2005) or combine computation for carbohydrate acquisition per day with carbohydrate distribution using smaller time steps (Cieslak et al., 2011) . Ideally, simulation of plant carbon economy is done at the same small time step for carbohydrate production, transport and consumption alike. Given the typically stochastic nature of the light models that calculate leaf light absorption (Chelle and Andrieu, 1999; Cieslak et al., 2008) , this raises technical issues related to convergence of numerical integration that need to be addressed. Second, although the sink strength was estimated using experimental measurements in a space with minimal plant-plant competition, the organs still competed for finite resources within a plant. This could lead to underestimation of potential maximum dry mass of the organ. Thus, experiments that minimize within-plant competition by defruiting and severe pruning need to be designed in order to more accurately calibrate organ sink strength. Third, experimental measurements will be required to determine the transport coefficient of carbohydrates experimentally instead of through model optimization. It will be necessary to test whether the value is constant over time and across phytomers, not only in cotton but also in other annual crops, like sugarcane (Welbaum et al., 1992) and tomato (Ho, 1996) , which utilize carbohydrates locally.
The results presented in this study show that CottonXL, based on local carbohydrate dynamics, is capable of simulating biomass allocation and plant structure, providing support for the hypothesis that assimilate partitioning in cotton is driven not only by sink strength but also by the transport of carbohydrate between phytomers. This work points to a possible use of a local-pool approach to the simulation of fruit distribution, and thus moves cotton eco-physiological modelling forward. To further advance our knowledge of cotton growth, a future step could be to use CottonXL to test the hypothesis that branching pattern (Barbier et al., 2015) and fruit abortion (Gómez-Cadenas et al., 2000) depend on local carbohydrate availability and that fruit loss due to competition could be fully compensated by the increase of individual boll weight (Dai et al., 2015) . CottonXL offers a tool for modelling the consequences of local carbon availability, elucidates the mechanism underlying branching and fruit abortion in relation to light environment, and deepens insight into plastic plant responses to density and competition by neighbours.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Figure S1 : frequency of branches at each phytomer rank on main stem in relation to plant densities in 2015. FB and VB indicate fruiting branches and vegetative branches, respectively.
